Rationale: Myocardial delivery of human mesenchymal stem cells (hMSCs) is an emerging therapy for treating the failing heart. However, the relative effects of hMSC-mediated heterocellular coupling (HC) and paracrine signaling (PS) on human cardiac contractility and arrhythmogenicity remain unresolved.
C ardiovascular disease remains a leading cause of morbidity and mortality worldwide. 1 Substantial evidence from in vitro, 2,3 preclinical, [4] [5] [6] [7] and clinical studies [8] [9] [10] supports bone marrowderived human mesenchymal stem cells (hMSCs) as a promising cardioreparative approach. 11 However, in several clinical trials, stem cell delivery benefits have been modest and transient, 8, 9, 12, 13 representing an opportunity for improvement.
14 Therefore, to optimize future hMSC-based therapies, it is essential to better understand the underlying hMSC-cardiac interactome.
mechanisms. 17, 18 Moreover, recent studies have demonstrated that hMSC PS can modulate cardiomyocyte ion channel/pump activity. [19] [20] [21] For example, DeSantiago et al 20 observed that hMSC conditioned media increased L-type calcium channel (LTCC) current and sarcoendoplasmic reticulum calcium-ATPase (SERCA) activity in mouse ventricular myocytes, yielding an increase in the calcium transient amplitude and an acceleration of the calcium transient decay. Askar et al 19 later observed that hMSC paracrine conditioned media prolonged action potential duration of neonatal rat cardiomyocytes in a dose-dependent manner.
On the contrary, hMSCs have been shown to form gap junctions with cardiomyocytes, 22 leading to direct heterocellular coupling (HC) and spontaneous fusion 23 that can influence cardiomyocyte electrophysiology. Indeed, our recent computational modeling study demonstrated that if one considers HC mechanisms alone (ie, neglecting PS), hMSCs would impact cardiac electrophysiology via shortened action potential and decreased conduction velocity, which could potentially increase vulnerability to reentry. 24 Taken together, hMSC HC and PS mechanisms each have the potential to modulate single-cell cardiomyocyte action potential and calcium-handling waveforms, as well as tissuelevel conduction, constituting well-established determinants of excitation-contraction coupling and arrhythmogenicity in myocardium. However, the relative contributions of hMSC-mediated HC and PS mechanisms to these components of human cardiac function have yet to be established, reflecting challenges with isolating these effects in experimental preparations.
In this study, we use both mathematical modeling and 3-dimensional human engineered cardiac tissues (hECTs) to better understand hMSC PS and HC effects on human cardiac contractility and arrhythmogenicity. First, we build on our previously established hMSC-cardiomyocyte HC computational model 24 to also experimentally calibrate 25, 26 hMSC PS effects on single-cell cardiomyocyte ion channel/pump activity and tissue-level fibrosis. Next, we validate this mathematical model using hECTs under matched experimental hMSC-mediated HC and PS treatments. Finally, we perform proteomic analysis of hECT/hMSC conditioned media and subsequent functional testing/molecular characterization of hECTs treated with exosome-depleted and exosome-enriched fractions of the hMSC secretome to provide insight into key hMSC paracrine factors and their potential mechanisms of action.
Methods
An expanded Methods section describing all computational and experimental procedures and protocols is available in the Online Data Supplement.
Results

Multispecies Parameter Sensitivity Analysis Reveals Key hMSC PS Modulators of Cardiomyocyte Action Potential and Calcium-Handling Metrics
To build on our previous hMSC-cardiomyocyte HC model 24 by incorporating select hMSC PS effects on single-cell cardiomyocyte ion channel/pump activity, we first performed 
Novelty and Significance
What Is Known?
• Delivery of human mesenchymal stem cells (hMSC) offers a promising therapy for heart repair.
• The hMSC-cardiomyocyte interactome involves both paracrine signaling (PS) and heterocellular coupling (HC) mechanisms.
• Understanding the contributions of PS and HC mechanisms to cardiac contractility and arrhythmogenicity would help optimize the therapeutic potential of hMSCs.
What New Information Does This Article Contribute?
• Complementary experimental and computational approaches reveal distinct PS and HC effects of hMSCs on cardiac contractility and arrhythmogenicity.
• Functional and molecular data support a key role of exosomes in hMSC paracrine-mediated increase of cardiac contractility.
• Novel in silico insights help resolve disparate reports of potential proarrhythmic risks of hMSCs in vitro versus antiarrhythmic benefits of hMSCs in vivo.
The exciting promise of emerging hMSC cardiotherapies motivates a systematic investigation into underlying mechanisms of action, aiming to minimize potential risks and maximize therapeutic benefits. In this study, computational and experimental approaches were combined to distinguish the effects of hMSC PS and HC on cardiac contractility and arrhythmogenicity. On the basis of a newly developed mathematical model and human engineered cardiac tissue measurements, hMSC-mediated effects on cardiac contractility were most pronounced under PS-only conditions. Simulations of fibrotic cardiac tissue revealed hMSC PS protected from potentially proarrhythmic effects of HC, providing novel insight into the discrepancy between in vitro and preclinical/clinical findings. We further show that exosomes likely play a key role in hMSC paracrine-mediated effects on human engineered cardiac tissue contractility and expression of calcium-handling genes. Together, this integrated experimental and computational approach provides an improved understanding of the relative effects of hMSC PS and HC on cardiac contractility and arrhythmogenicity, with evidence supporting the cardioactive potency of hMSC exosomes. Our findings motivate further investigation of how hMSC exosomes and their molecular cargo may yield increased cardiac contractility in vivo, ultimately maximizing the safety and efficacy of hMSC-based cardiac therapies.
unbiased hierarchical clustering on a multispecies parameter sensitivity analysis of empirically determined hMSC PS modulators of action potential and calcium-handling behavior-namely, the LTCC, 20 SERCA, 20 and transient outward current 19 (coefficients of determination shown in Online Table I) .
From this sensitivity analysis and subsequent hierarchical clustering, action potential metrics were most sensitive to LTCC activity, whereas calcium-handling metrics were highly sensitive to SERCA activity (Online Figure I) . No metric was most influenced by transient outward current perturbation, the least experimentally studied effect; hMSC PS effects on transient outward current were, therefore, neglected in subsequent models.
Experimental Calibration of the hMSC PS Model
hMSC PS has been reported to affect single-cell ion channel/pump activity, 19, 20 as well as to favorably remodel fibrotic cardiac tissue. 21, [27] [28] [29] [30] [31] [32] [33] The proarrhythmic effects of increased fibrosis are well recognized, [34] [35] [36] so including antifibrotic effects of hMSC PS was a priority in developing a tissuelevel model. To develop a model of PS antifibrotic effects, we performed an extensive literature search to see whether we could uncover a relationship across studies and species between hMSC delivery levels and antifibrotic effects. 21, [27] [28] [29] [30] [31] [32] [33] To compare between species, hMSC delivery levels in each study were normalized to the approximate number of left ventricular myocytes in that species. Interestingly, when we normalized data across 9 studies, we found a nearly linear relationship between antifibrotic effects and hMSC delivery within a range of ≈20% to 60% hMSCs (Online Figure II) . This consistency between studies allowed us to confidently and easily incorporate antifibrotic effects into the tissue-level model to test for arrhythmogenicity.
Incorporating the effects of hMSC PS on single-cell ion channel/pump activity was not straightforward, as limited dose-response data were available in the literature for characterizing the single-cell responses of LTCC and SERCA activity to varying doses of hMSC paracrine factors. Given this uncertainty, and the fact that dose-response relationships will vary between experiments, we adopted an established method 25, 26 and calibrated a population of models by closely matching simulation outputs to corresponding experimental recordings for different species at 3 hMSC PS dosages (Figure 1) . The resultant population of models would, therefore, effectively represent hMSC PS effects on cardiomyocyte action potential and calcium transient across a range of hMSC dosages.
We generated a large initial population of 2500 model variants with randomly chosen parameter sets within physiologically and empirically relevant bounds (Online Table II ). In contrast with previous studies, 25, 26 however, the parameters varied were not maximal conductances but rather parameters that controlled the sensitivity of myocytes to PS and the maximal effects caused by saturating PS (Online Methods). The initial population was then filtered to retain only select models ( Figure 1A , blue dots) that were consistent (ie, within ±1 SD) with all experimentally observed data ranges ( Figure 1A , within boxed region) of hMSC PS dose-dependent effects on action potential and calcium transient metrics 19, 20 ( Figure 1A ). This calibration process reduced the initial population to 100 accepted model parameter sets. The histograms in Figure 1B illustrate the distribution of output simulation metrics resulting from the range of accepted model parameters. Figure 1C shows the distribution of parameters used to model PS effects on LTCC current ( Figure 1C , left) and SERCA activity ( Figure 1C , right) for the population of 100 accepted models. In contrast to the latter, the former case appears constrained ( Figure 1C ) by an interdependence between the Hill coefficient and the half-maximal dose concentration.
In addition to our previously established model of hMSC-myocyte HC through gap junctions, 24 this computational model now also includes hMSC PS effects on cardiomyocyte LTCC and SERCA activity, as well as hMSC PS antifibrotic effects. To our knowledge, this is the most comprehensive model capable of reproducing a majority of the non-vasculature-related effects of hMSCs on cardiomyocyte action potential, calcium transient, and excitation-contraction metrics, as further examined below.
hMSC PS and HC Effects on Action Potential and Calcium-Handling Behavior
First, we simulated the effects of hMSC HC-only, hMSC PSonly, and hMSC HC+PS mechanisms on the cardiomyocyte action potential and calcium transient at 100% hMSC supplementation per myocyte (ie, 1:1 hMSC-cardiomyocyte ratio) for multiple cardiomyocyte species (Figure 2 ), representing the high end of hMSC:myocyte ratios used in previous in vitro coculture studies. 20 hMSC PS was modeled using the least-squares model ( Figure 1C ; Online Table III) . As shown in the Online Figure III , our model can be readily adapted to incorporate time-dependent paracrine effects, such as in vitro data from DeSantiago et al. 20 Nevertheless, the remainder of this modeling study uses steady-state solutions to examine longer-term PS effects, which is more relevant to our hECT experiments.
Across all cell types, HC tends to decrease action potential duration to 90% repolarization (APD 90 ), whereas PS increases APD 90 and calcium transient amplitude, although the magnitude of the effect is cell type and hMSC dose dependent ( Figure 2 ; Online Figures IV and V). As enforced in our process of calibrating model populations to experimental data ( Figure 1 ), all simulated dose-dependent effects of hMSC PSonly mechanisms of myocyte action potential and calcium transient metrics were within ±1 SD of published data for a range of experimental conditions and cardiomyocyte species. Furthermore, we observed that simulated dose-dependent effects of combined hMSC HC+PS mechanisms on myocyte action potential and calcium transient metrics were also consistent with published data. For example, Askar et al 19 demonstrated that APD 90 increases, whereas Chang et al 37 reported The consistency of our findings with various experimental trends 19, 20, 37 motivated further validation of simulated hMSC HC and PS effects on cardiac contractile function by comparing to experiments performed with 3-dimensional hECTs. Interestingly, the various cardiomyocyte models predicted that human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)-similar to those used in our hECTsshowed the greatest distinction between hMSC HC+PS and PS-only effects on the action potential and calcium transient ( Figure 2C ). We, therefore, hypothesized that hECTs may be well suited to empirically delineate the effects of hMSC HC and PS on contractility.
Counteracting Effects of hMSC PS and HC on hECT Contractility
Our custom bioreactor system 38 facilitates simultaneous culture of 6 hECTs that are each comprised of either unsupplemented (-hMSC) or 10% hMSC-supplemented (+hMSC) cellular composition. hMSCs were used from lots used in recently published clinical trials. 9, 13 Before using the hMSCs, their trilineage potential was confirmed, as shown in Online Figure VI .
Using this custom bioreactor system, we studied 4 different experimental groups as illustrated in Figure 3A: (1) hECTs without cocultured hMSCs (−hMSC; black), (2) hECTs with cocultured hMSCs (+hMSC; purple), or (3) and (4) alternating +hMSC and −hMSC hECTs in a shared paracrine media bath (red and blue, respectively). Note that equalizing the total number of hECTs in each bioreactor avoids inequalities in total metabolic demand that could introduce a confounding factor; however, this results in a final sample size for the shared media groups being about half that for the +hMSC and −hMSC groups. These 4 groups correspond to model conditions of approximately (1) 0% HC+0% PS, (2) 10% HC+10% PS, (3) 10% HC+5% PS, and (4) 0% HC+5% PS hMSC treatment interventions, respectively. Images of hECTs on the bioreactor and example twitch force measurements are shown in Figure 3B and 3E, respectively. After functional assessment, selected hECTs were fixed, sectioned, and stained for cardiac troponin-T, revealing similar myofibrillar structures for both −hMSC ( Figure 3F ) and +hMSC ( Figure 3G ) tissues. On the basis of hECT cross-sectional area ( Figure 3C and 3D) , hMSC PS alone caused tissue compaction comparable to having hMSCs cocultured within the tissue; furthermore, there was no significant difference in resting (diastolic) force between all groups (data not shown), suggesting similar passive tissue stiffness. Finally, hMSCs are known to mechanically couple to myocytes. 39 Altogether, this suggests that differences in contractile properties of hECT experimental groups largely reflect underlying cardiomyocyte contractility.
To test the predictive power of our calibrated population of models, we simulated excitation-contraction behavior of hiPSC-CMs subjected to experimentally calibrated hMSC PS (Figure 1 ) and HC (Online Figure VII) mechanisms and compared the simulation results to developed force (DF), maximum rate of contraction (+dF/dt), and maximum rate of relaxation measurements of hECT contractile function under matched experimental hMSC-mediated treatments (Figure 4) .
Simulations of the experimentally calibrated population of PS-only (0% HC+5% PS) and combined HC+PS (10% HC+5% PS and 10% HC+10% PS) effects of hMSCs on hiPSC-CMs were representative of contractile function measurements of hECTs under matched experimental hMSC-mediated treatments (Figure 4) . In fact, 63%, 63%, and 61% of simulations fell within ±1 SD of the experimental mean for DF, maximum rate of contraction, and maximum rate of relaxation, respectively. The median of each experimental condition was squarely within the range of simulation outputs (Figure 4 ; right panels). Medians of simulation outputs differed from corresponding experimental medians by a range of −41% to +15%. Coincidentally, the population simulations also recapitulated the variability seen in the experimental measurements; the greatest variability was seen in the 0% HC+5% PS group, and the least in the 10% HC+5% PS group.
Both model simulations and hECTs demonstrated that the most pronounced hMSC-mediated effects on contractile function were under PS-only conditions (0% HC+5% PS), where DF significantly increased by ≈4-fold on average relative to non-hMSC-supplemented controls during physiological 1-Hz pacing ( Figure 4A ). Similarly, ±dF/dt were significantly increased by PS-only conditions and diminished by HC ( Figure 4B and 4C) .
To explore how the apparent counteracting effects of hMSC HC and PS on immature stem cell-derived cardiomyocyte contractility demonstrated both empirically and in silico (Figure 4) translates to mature human cardiomyocytes, we modeled the sensitivity of contractile function of hiPSC-CMs ( Figure 5A ), healthy human adult cardiomyocytes ( Figure 5B) , and ischemic human adult cardiomyocytes ( Figure 5C ) to the least-squares calibrated model (Online Table III ) with perturbations about a mean hMSC treatment condition of 10% HC and 10% PS. Coefficients of determination can be found in Online Table IV. Consistent with above findings (Figure 4) , these low levels of hMSC PS and HC treatment (relative to Figure 2 conditions) are predicted to have counteracting effects on contractile metrics such as DF and ±dF/dt for hiPSC-CMs ( Figure 5A ), such that increases in contractile metrics would be most pronounced under hMSC PS-only conditions. The sensitivity analysis in Figure 5 implies that there is a positive correlation between hMSC PS dosages and more pronounced effects on DF and ±dF/dt for all cell types. Interestingly, DF sensitivity to HC was minimal in healthy and ischemic human adult cardiomyocytes ( Figure 5B and 5C); this likely reflects the larger size and higher ion-channel density of adult cardiomyocytes, which makes them less susceptible to consequences of direct coupling with noncontractile hMSCs, so that PS effects dominate. Simulations using all 100 accepted calibration models under 10% HC+5% PS and 0% HC+5% PS interventions confirmed these findings, as pronounced HC effects on the action potential and calcium transient were predicted for immature hiPSC-CMs but not adult cardiomyocytes ( Figure 5D and 5E). By contrast, hMSC PS was more potent than HC and was predicted in some cases to restore calcium transients of ischemic myocytes to healthy cell levels ( Figure 5F ). Taken together, these findings demonstrate the dominant role of hMSC PS mechanisms on adult cardiomyocyte contractile function relative to HC.
hMSC PS Protects From HC Effects on Arrhythmogenicity
Using our models of hMSC PS and HC single-cell and tissuelevel effects, we analyzed how various empirically relevant levels of hMSC delivery and engraftment affect the vulnerable window (VW) for reentry in moderate and high diffuse fibrotic cardiac tissue ( Figure 6 ). In this analysis, increases in Figure 5 . Simulated human mesenchymal stem cell (hMSC) heterocellular coupling (HC) and paracrine signaling (PS) effects on contractile function of derived and adult human cardiomyocytes. A contractile function sensitivity analysis was performed for (A) hiPSC-CM, (B) healthy human adult cardiomyocyte, and (C) ischemic human adult cardiomyocyte models, with hMSC HC and PS as inputs, and developed force (DF), maximum rate of contraction (+dF/dt), and maximum rate of relaxation (−dF/dt) as outputs. The net sensitivity (HC+PS; purple) to hMSC supplementation is defined as the sum of the sensitivity, B, of hMSC HC (red) and PS (blue) mechanisms individually. Single-cell action potential and calcium transient simulations of (D) derived and mature (E) healthy and (F) ischemic human cardiomyocytes across all 100 accepted calibration models under 10% HC+5% PS (red) and 0% HC+5% PS (blue) interventions versus untreated controls (black).
VW (compared with 0% hMSCs) can be considered as proarrhythmic and decreases in VW as antiarrhythmic (see Online Methods for details).
Counteracting PS and HC effects of hMSCs were revealed in the VW analysis of tissue-level arrhythmogenicity in simulated cardiac tissue with moderate (21%) and high (40%) diffuse fibrosis ( Figure 6 ). With increasing levels of hMSC delivery and engraftment, the HC-only conditions led to increases in VW for moderate and high fibrosis compared with control. On the contrary, in all cases, the PS-only conditions decreased VW compared with control, thus minimizing arrhythmogenic risk in an hMSC dose-dependent manner. Spontaneous beat rate variability measurements in hECTs-a proposed surrogate of arrhythmogenicity 40, 41 -with low-level hMSC HC and PS interventions qualitatively support these trends (Online Figure VIII) .
Importantly, by simulating a range of preclinically and clinically relevant percentages of hMSC injection and engraftment, our simulations predict that the combined effects of hMSC HC and PS mechanisms (ie, HC+PS condition) will cause intermediate effects on VW, predominantly leading to beneficial decreases in VW. In only 1 case (moderate fibrosis at high engraftment), there was a slight increase in the VW compared with control, suggesting that low levels of engraftment commonly found clinically may in fact be advantageous. Overall, our simulated VW analysis may help explain why hMSCs are reported to have either no effect 14 or favorable protective effects, 13 on arrhythmogenesis in clinical trials, despite the potential electrophysiological risk of hMSC-cardiomyocyte coupling.
Proteomic Analysis of Experimental Culture Media
To explore the nature of the observed hMSC paracrinemediated increase of hECT contractility, we first performed a protein microarray on serum-free defined media (SFDM) collected from each experimental condition in Figure 3A , representative of the soluble factors released cumulatively by hECT cellular constituents. As expected, samples collected from each hECT culture media group predominantly upregulated protein expression levels relative to mean values of SFDM control ( Figure 7A) . Importantly, the 2 hECT culture conditions with hMSC intervention clustered together in a principal component analysis (Figure 7B ), supporting a consistent paracrine effect by hMSCs in both groups.
Next, we examined the mean fold change of soluble proteins in the shared paracrine media bath relative to the hMSC-unsupplemented hECT control media, yielding 39 and 31 factors that were upregulated and downregulated at least 2-fold, respectively ( Figure 7C , black dots with red outline located outside the red lines). Using Ingenuity Pathway Analysis software, functional analyses on the upregulated proteins significantly modulated cardiac cell-specific pathways ( Figure 7D ), as well as expected immune-related and proangiogenic pathways (Online Table V) .
Of the 39 upregulated factors, 8 are linked to at least one of the cardiac cell-specific pathways (Online Table VI ), 3 of which activate the PI3K/Akt signaling cascade previously hypothesized as the mechanism for hMSC paracrine-mediated effects on contractility ( Figure 7E ).
20
Exosomes Play a Key Role in Mesenchymal Stem Cell-Mediated Increase of hECT Contractile Function
Cardioactive hMSC exosomes have also been shown to modulate myocyte PI3K/Akt signaling, 42, 43 motivating us to test whether the exosome-depleted and exosome-enriched fractions of the hMSC secretome may be responsible for the hMSC paracrine-mediated increase of hECT contractility.
First, we confirmed via confocal microscopy that hMSC exosomes are taken up by the cardiomyocytes and fibroblasts that constitute our hECTs (Online Figure IX) . Next, we tested the role of exosom-depleted and exosome-enriched fractions (both confirmed via dynamic light-scattering analysis; see Online Figure  X ) of the hMSC secretome on hECT contractile performance by replacing hECT SFDM media with the following treatments after baseline contractile function testing on day 5: (1) SFDM (control), (2) hMSC conditioned media (hMSC CdM), (3) SFDM enriched with hMSC exosomes (hMSC exo), or (4) hMSC exosome-depleted conditioned media (hMSC exo-depl). hECTs were cultured an additional 5 days, and then DF was measured post-treatment and was compared with baseline measurements.
As shown in Figure 8A , the control group DF was unchanged relative to pretreatment baseline, whereas the hMSC CdM treatment led to a statistically significant increase in DF, thus confirming our findings in Figure 4 that hMSC PS was indeed responsible for increasing hECT contractility. Importantly, we further observed that the hMSC exo treatment group yielded a statistically significant increase in hECT DF similar to hMSC CdM, whereas the hMSC exo-depl group was not significantly different from baseline. Figure 6 . Simulated vulnerable window analysis on human mesenchymal stem cell (hMSC)-supplemented fibrotic cardiac tissue. A vulnerable window (VW) analysis was performed on moderate (21%; left) and high (40% right) fibroblast-populated cardiac tissue injected with 0% (control), 20%, 40%, or 60% hMSCs at (A) low (1%), (B) moderate (4.5%), and (C) high (16%) engraftment levels (n=3 randomized cell distributions). In all cases, the PS-only conditions decreased VW, minimizing arrhythmogenicity. As recommended by White et al, 49 comparative statistics were not implemented, as P values are dependent on sample size (which can be arbitrarily high in simulations).
These functional findings were corroborated by hECT molecular characterization. After 5 days of treatment as above, hECTs were snap-frozen for prospective real-time quantitative polymerase chain reaction of cardiac-specific, calciumhandling, and apoptosis genes. Cardiac troponin-T, the ratio of α-myosin heavy chain to β-myosin heavy chain, and caspase-3/9 mRNA levels were consistent among all groups; by contrast, mRNA levels of SERCA2a and LTCC-known to be regulated by PI3K/Akt signaling 20 -significantly increased for hECTs treated with hMSC CdM and hMSC exo ( Figure 8B ), whereas the BAX (BCL2-associated X protein)/BCL2 (B-cell lymphoma 2) ratio, an apoptosis marker, 44 significantly decreased relative to the hMSC exo-depl group ( Figure 8C) . Together, these findings indicate a key role of exosomes in the paracrine-mediated effects of hMSCs on cardiac contractility.
Discussion
Understanding the therapeutic influence of hMSC HC and PS mechanisms has important implications for their clinical use. If HC between hMSCs and myocytes is essential for improving cardiac function, then future work should focus on methods to optimize delivery, retention, and integration with host myocardium. On the other hand, if select PS factors secreted by hMSCs are primarily responsible for desired functional benefits, those factors could be identified, isolated, and implemented as a therapy independent of the hMSCs, potentially circumventing some challenges with delivering live biologics. Alternatively, both effects might be required to optimize the phenotypic and clinical benefits of cellular therapy; our model could facilitate the rational design of cell therapies in the future to achieve desired outcomes.
Herein, we used mathematical modeling and 3-dimensional hECT experiments to delineate effects of hMSC PS and HC on human cardiac contractility and arrhythmogenicity. This study provides (1) the first experimental measurements distinguishing the PS and HC effects of hMSC supplementation on contractile function of human stem cell-derived engineered cardiac tissue; 2) a comprehensive mathematical model capable of reproducing a majority of reported effects of hMSCs on cardiomyocyte action potential, calcium transient, and excitation-contraction metrics, allowing for direct comparisons between different species, maturity, and disease conditions; (3) new insight into the discrepancy of why clinical trials of hMSC therapy report either no arrhythmogenic effect or even an antiarrhythmic benefit, whereas hMSCs have been considered proarrhythmic in vitro; (4) protein microarray analysis of hECT conditioned media suggesting PI3K/Akt signaling activation; and (5) functional and molecular data supporting a key role of exosomes in the hMSC paracrine-mediated increase of hECT contractility.
Motivation for Model Development
In our previous computational modeling work, 24 we predicted that HC of human cardiomyocytes with an hMSC electrophysiological model can lead to action potential shortening at the single-cell level, as well as decreased conduction velocity and increased vulnerability to reentry in simulated 2-dimensional cardiac monolayer tissue absent of fibroblasts. Such tissue-level simulations reproduced several metrics from published empirical monolayer studies of arrhythmogenicity 37 ; however, the model could not explain effects of hMSC coculture on single-cell action potential duration and calcium handling as reported by multiple investigators. 19, 20, 37 Furthermore, that model could not explain preclinical and clinical observations, where hMSC delivery to the heart had no significant effect-or even favorable protective benefitson the arrhythmogenicity of fibrotic cardiac tissue. 13, 14, 21, 45 These discrepancies made it clear that some other mechanism of hMSC interaction with the myocardium, neglected in our original HC-only computational model, must be responsible for the inconsistencies with experimental data.
Extensive literature suggests that hMSC PS mechanisms can have a profound effect on cardiac single-cell and tissuelevel function [19] [20] [21] [27] [28] [29] [30] [31] [32] [33] ; we, therefore, decided to focus our current modeling efforts on these PS effects.
Experimental Calibration of the hMSC PS Model
Computational studies typically involve model development representing the average behavior of a population. However, important information is lost both experimentally and theoretically when the underlying variability is ignored, ultimately limiting the extrapolation of results at a population level. In this study, we integrate experimental measurements with mathematical modeling to calibrate a population of hMSC PS effects on ion channel/pump activity across various hMSC PS dosages representative of physiological variability and several cardiac cell types commonly used in the literature. We then examine this model in the context of experimentally measured contractility of hECTs in response to hMSC intervention.
Our approach builds on previous studies that show the importance of modeling intersubject variability in biology. 25, 26, 46 Previous cardiac electrophysiology-modeling studies of variability have constructed populations of cardiac cell models by directly adjusting model conductance and kinetic parameters. 25, 26 We expanded on this approach by simulating variability in dose-response curve parameters that effectively describe hMSC PS effects on cardiomyocyte model conductances across a wide range of prescribed treatments.
Model Is Representative of Empirical Data
As enforced in our process of calibrating model populations to experimental data (Figure 1 ), all simulated dose-dependent effects of hMSC PS-only mechanisms of myocyte action potential and calcium transient metrics were within ±1 SD of published data for a range of experimental conditions and cardiomyocyte species. Importantly, our model was also consistent with published hMSC HC+PS effects on single cells, as well as a wide range of original hECT contractility data that were not used in the model calibration process. Furthermore, our simulations of time-dependent paracrine effects of hMSCs in vitro demonstrate the model's versatility to incorporate clinically relevant time-course data as it becomes available in the future. Our model was also consistent with reported hMSCmediated effects on tissue-level arrhythmogenicity. In VW simulations, the hMSC PS-only conditions were antiarrhythmic compared with control, consistent with a preclinical study on a rat myocardial infarction model, where hMSC paracrine factors were antiarrhythmic, suppressed fibrosis, and restored conduction. 21 Furthermore, our model trends are consistent with our original hECT data on spontaneous beat rate variability-a proposed surrogate of arrhythmogenicity. 40, 41 Most importantly, VW analyses predicted that hMSC supplementation (involving hMSC PS+HC mechanisms) did not adversely impact arrhythmogenesis and may even be antiarrhythmogenic under some conditions; such findings may help explain why hMSCs are mainly reported to have either no effect 14 or favorable protective effects, 13 on arrhythmogenesis in clinical trials.
Nature of the hMSC Paracrine-Mediated Increase of hECT Contractility
Previously, DeSantiago et al 20 demonstrated hMSC paracrinemediated enhancement of mouse ventricular myocyte excitation-contraction coupling via the PI3K/Akt signaling cascade. Several soluble factors from our protein microarray are known to modulate this PI3K/Akt signaling cascade; however, cardioactive hMSC exosomes have also been shown to modulate myocyte PI3K/Akt signaling, 42, 43 motivating us to directly test whether the exosome-depleted and exosome-enriched fractions of the hMSC secretome are responsible for the hMSC paracrine-mediated increase of hECT contractility.
Our functional testing and molecular characterization of hECTs treated with exosome-enriched or exosome-depleted fractions of the hMSC secretome suggest that exosomes play a key role in the hMSC paracrine-mediated increase of contractility. Given the avascular nature of our hECTs, these findings suggest that exosomes can augment contractility via mechanisms other than previously established neovascularization. 47 Importantly, we show mRNA levels of SERCA2a and LTCC-known to be regulated by PI3K/Akt signaling 20 significantly increased for hECTs treated with hMSC CdM and hMSC exo, which: (1) validates inclusion of SERCA2a and LTCC in our mathematical model development, and (2) motivates future work investigating the interplay between hMSC exosomes, their cargo, and this signaling cascade for improving contractility.
Limitations and Future Work
Several limitations of the study should be noted. First, there was limited experimental data available for modeling hMSC PS ion channel/pump activity, as well as antifibrotic dose-response curves. This led us to neglect the least influential current modulated by hMSC PS (ie, transient outward current) and to predict dose-response values using an established experimental calibration algorithm. 25, 26 Nevertheless, the ability of the model to reproduce a variety of experimental findings justified using the model to make predictions about hMSC HC and PS effects on cardiac function. The model will be further strengthened as more data become available for experimental calibration.
Second, our VW analyses were performed with 2-dimensional diffuse fibrotic tissue, with active fibroblasts assumed to be the same size as cardiomyocytes, and without the electric remodeling that typically accompanies diseased conditions. Other types of fibrosis could have also been considered, including patchy, interstitial, and compact-the most representative of diseased infarcted heart in hMSC therapy. 48 However, it is believed that ischemic heart disease arrhythmogenicity is not primarily because of macroscopic compact fibrotic scars but by scars surrounded by a border zone, where diffuse fibrosis coexists with patchy and interstitial fibrosis. 48 Similarly, our VW analyses focused on a diffuse random distribution of hMSCs; other localized cell distribution patterns could affect the VW differently. Although more advanced models could hypothetically be developed to incorporate realistic anatomic features and fibrosis/hMSC distributions, our model is computationally efficient, yet still provides insight into hMSC PS and HC effects on contractility and arrhythmogenicity.
Third, the simplified hECT model system does not fully represent native human myocardium. However, the controlled biocomplexity allows for isolation of hMSC-mediated effects on myocyte contractility independent of immunomodulatory, neurohumoral, neovascular, and other mechanisms that may obscure in vivo findings. This also facilitates comparing tissue-level contractility in stem cell-derived hECTs with in silico single-cell hiPSC-CM excitation-contraction under matched hMSC treatment conditions, as (1) hMSC PS alone caused tissue compaction comparable to having hMSCs cocultured within the tissue and (2) there was no significant difference in diastolic force between all groups, a surrogate of tissue stiffness, even though hMSCs mechanically couple to myocytes in vitro. 39 To help account for the different output measures, we focused on fold changes in treatment groups relative to control (Figure 4 ), where the model closely reproduced empirical tissue-level measurements.
On the basis of our findings, crucial future work should include testing translation of hMSC PS effects on contractile function to hECT models of heart disease and further studying the role of hMSC exosomes and their molecular cargo that may be responsible for increased contractility in vivo. Such research efforts could ultimately lead to improved hMSCbased cardiac therapy.
